The first edge illuminated SiGe phototransistor based on the available commercial SiGe/Si BiCMOS technology for low cost detector or mixer in Radio-over-Fiber applications. Its technology and structure are described. Edge mapping of the phototransistor performances, so as to observe the fastest and the highest sensitive areas of the structure, is performed. The phototransistor exhibits a cutoff frequency of 890MHz and low frequency responsivity of 0.45A/W at 850nm. This new SiGe/Si phototransistor structure provides a cutoff frequency double to the one of a top illuminated SiGe/Si phototransistor obtained using the same BiCMOS technology.
Introduction: The use of optics for short distance communications have been recognized as an alternative media of transmitting signals for high data applications. Thus, silicon based optoelectronic transceivers and Vertical Cavity Surface Emitting Lasers (VCSELs) are of great interest owing to their low cost, compactness and reliability. In particular, because of the recent demand for 60GHz Radio-over-Fiber (RoF) applications [1] , low cost silicon based optoelectronics are highly desirable in this frequency band. SiGe Heterojunction Bipolar Phototransistors (HPTs) are promising devices for light detection and mixer applications in microwave photonic systems. Several laboratories have developed SiGe HPTs using different industrial technological processes like Atmel [2] , TSMC [3] , IBM [4] and AMS [5] . All these approaches have led to vertical illuminated structures. Vertically illuminated HPTs or photodiodes suffer from a trade-off between conversion efficiency and frequency performance [6] . Edge coupled HPTs based on InP-InGaAs technology has been intensively studied since 1993 [6] that overcomes this tradeoff.
This paper demonstrates the first edge illuminated SiGe HPTs fabricated using the 80GHz SiGe2RF Telefunken GmbH SiGe Bipolar technological process. Its performance in terms of cutoff frequency and opto-microwave gain are presented. Due to the use of an industrial technological process, this phototransistor can be implemented to realise a complete optical receiver of 3Gbp/s data transmission [7] .
SiGe/Si edge illuminated HPT Structure: The SiGe/Si HPT structure was implemented using the existing industrial SiGe2RF Telefunken GmbH technology. This technology permits obtaining a HPT with an electrical fT of up to 80GHz and fmax of up to 90GHz. The general scheme of the HBT cross-section is shown in Fig. 1 . Indeed, the phototransistor fabrication does not modify the vertical stacks of layers that are used to define a standard technology SiGe2RF HBT. This ensures the compatibility with the process technology and the potential integration of complete OE-RF circuits. The basic HPT structure is designed by extending the emitter, base and collector layers of the reference HBT to increase the size of the HPT from 0.8x1.4μm 2 to 4.5x5µm 2 for better coupling with the optical fiber as shown in Fig. 2b . The emitter metal contact is deposited on a reduced surface to avoid additional optical losses and to reduce the electrical parasitic capacitances. The optical access at the edge is obtained after the standard fabrication process through polishing and dicing close to the active area of the devices as shown in Fig. 2a . We polish 80µm down to the substrate to have smooth surface at the optical beam input and then dice using a microscopic saw.
We have designed a 4.5µm thick (where light is coupled through) and 5µm long (maximum absorption length) phototransistor as shown in Fig. 2b . The Si1-xGe base layer sandwiched between the collector and emitter, both made of Silicon, is used as an evanescent optical waveguide that detects light. The base profile is a 40-80nm thin abrupt SiGe layer with Ge content in the range of 20-25% and high p doping in the range of 10 19 cm -3 . The collector is typically 300-400nm thick with low doping. Opto-Microwave Characterization: The on-wafer bench setup described in [8] was modified and used to measure the opto-microwave performances of edge side illuminated HPT. Where an 850nm VCSEL, which is directly modulate and illuminate the HPT through a lensed multimode fiber (MMF) scanning the edge of the HPT. This VCSEL has a -3dB cutoff frequency of 12 GHz [9] . The VCSEL is biased so as to provide a 1.14mW optical beam at the end of the lensed fiber. A tilted mirror is used to monitor the alignment of the optical probe to the optical window of the HPT on the edge through the microscope as shown in Fig. 3 . This distance is set at 50µm from the surface to align the optical window with the beam waist. We use a multimode light source and multimode optical probe to characterise our device as it is targeted to implement in Home Area Network (HAN) applications where multimode sources and MMF are largely deployed at 850nm [1] . The optical probe was scanned all over the HPT's optical window surface on the edge side. 
Fig. 3: a) Top view of the the HPT and its interconnection accesses; b) Front view through the tilted mirror of the fiber probe spot.
The HPT is mounted in a common emitter configuration topology with two 100µm-pitch GSG pads in order to perform on wafer microwave measurements as shown in Fig. 3a . One of the ground panels of the HPT was removed during dicing so that one of the GSG ground line was suspended on air.
A proper de-embedding technique was required to extract the behavior of the HPT from the pads, interconnections, optical links and probes. We used T-matrix approach [8] to remove all the parasitics from the measurement bench setup.
Before performing OM-SNOM investigation to look for the fastest and highest sensitive areas of the HPT, we optimised the dc biasing conditions of the phototransistor with respect to the low frequency responsivity and the cutoff frequency at a fixed optical probe position. We found the optimum biasing conditions to maximise both parameters are 0.85V at the base-emitter junction and 1.5V at the collector-emitter junction. We use this dc biasing conditions for further experimental studies. Fig. 4 shows the edge map of the normalized responsivity at 50MHz. The optical beam that was scanned over the HPT is assumed to have a Gaussian profile along x-and z-axes. The line at z=0µm shows the middle of the active area, for z>0µm the optical fiber goes down to the substrate and for z<0µm it moves to the air. The base and collector contacts are at the positive and negative sides of x-axis respectively. The peak of the responsivity appears at x=z=0µm. Fig. 5 compares the opto-microwave gain (Gom) against frequency for an edge illuminated HPT at x=z=0µm (where the peak of responsivity appears) and x=-4µm, z=0µm (where the peak of f-3dB appears) with a top illuminated HPT having a 10x10µm 2 optical window (and obtained using the same technological process). For a top illuminated SiGe HPT, a 10x10µm 2 optical window size leads to the best performances in terms of opto-microwave responsivity and cutoff frequency compared to other optical window sizes [10] . As shown in Fig. 5 , we observed a low frequency (50MHz) opto-microwave gain of -7dB (opto-microwave responsivity of 0.45A/W) and -10dB (opto-microwave responsivity of 0.32A/W) for edge and top side illuminated HPTs respectively. The improvement in the responsivity for edge side illumination is related to the increase of the absorption length. It can be up to 5µm long whereas for top illuminated HPT the absorption length is less than 1µm (which is the total thickness of the active area including emitter, base and collector). The dynamic behavior of the phototransistor over the illumination surface of the structure was analysed through the cutoff frequency f-3dB in phototransistor mode. The peak of the f-3dB is located at x=-4µm and z=0µm. We observed that the edge illuminated HPT can reach up to 890MHz cutoff frequency whereas the top illuminated one is limited to 420MHz. From this experimental study one can understand that the peaks of the responsivity and f-3dB could appear at different locations of the structure.
Conclusion:
The first edge illuminated SiGe/Si HPT was designed and fabricated by using the existing SiGe BiCMOS technology. A two-step post fabrication process was used to create an optical access on the edge through polishing and dicing techniques. A low frequency optomicrowave responsivity of 0.45A/W and opto-microwave cutoff frequency of 890MHz was measured. Compared to top illuminated HPT, edge illuminated HPT improves the cutoff frequency by more than a factor two and also improves the responsivity from 0.32A/W to 0.45A/W while using a simple lensed MMF fiber for the coupling. This phototransistor could be used in further opto-microwave applications whose operating frequency could lie in the 1-10GHz range where integration to Si Integrated Circuits (ICs) and costs are the main issues. Further optical coupling structures could improve the performances. However, these results demonstrate that a simple etched HPT is sufficient to achieve improvements compared to the top illuminated HPT without the need of complex coupling structure, even when using MMF.
